During eukaryotic DNA replication, the lagging strand is synthesized in a series of segments, each ϳ150 nucleotides (nt) 2 long, called Okazaki fragments (1). An Okazaki fragment is initiated by DNA polymerase ␣/primase (pol ␣), which synthesizes a primer beginning with 10 -12 nt of RNA followed by ϳ20 nt of DNA (2). After primer synthesis, the sliding clamp proliferating cell nuclear antigen (PCNA) is loaded on the primer-template DNA by replication factor C (RFC).
During eukaryotic DNA replication, the lagging strand is synthesized in a series of segments, each ϳ150 nucleotides (nt) 2 long, called Okazaki fragments (1) . An Okazaki fragment is initiated by DNA polymerase ␣/primase (pol ␣), which synthesizes a primer beginning with 10 -12 nt of RNA followed by ϳ20 nt of DNA (2) . After primer synthesis, the sliding clamp proliferating cell nuclear antigen (PCNA) is loaded on the primer-template DNA by replication factor C (RFC).
DNA polymerase ␦ (pol ␦) then conjugates with PCNA and continues rapid and efficient extension of the primer. Upon reaching the downstream Okazaki fragment, pol ␦ displaces its 5Ј end into a single-stranded flap that must be removed by nucleases (3, 4) . Cleavage of the flap produces a nick that DNA ligase I (LigI) will seal to complete the continuous DNA strand.
Two pathways are proposed to process Okazaki flaps. In the first pathway, only one nuclease, flap endonuclease I (FEN1), is employed. In reconstitution studies, pol ␦ displaces short flaps, ϳ1-5 nt long, that are efficiently cleaved by FEN1 to produce a nicked intermediate (5) (6) (7) . FEN1 binds the 5Ј end of the flap, tracks down the flap, and cleaves once at the base (8, 9) . PCNA binds and stimulates both pol ␦ and FEN1, allowing for tight coordination between flap displacement and cleavage (10) . This cooperation keeps flaps short, and the FEN1-only pathway has the potential to process virtually all flaps. However, reconstitutions have shown that some flaps can escape immediate cleavage and become long (11) (12) (13) . When flaps become ϳ25-30 nt long, the eukaryotic single strand-binding protein replication protein A (RPA) can bind the flap stably (14) . RPA binding inhibits FEN1 cleavage (15) , necessitating the second pathway.
This second, or two-nuclease, pathway was proposed to utilize Dna2 in addition to FEN1 to process long RPA-bound flaps (15) . Dna2 displays both 5Ј-3Ј helicase and endonuclease activities (16 -18) . Dna2, like FEN1, cleaves a 5Ј flap structure by binding the 5Ј end and tracking toward the base (19) . However, Dna2 cleaves multiple times before approaching the base, finally leaving a short flap of ϳ5-10 nt (20) . Dna2 is capable of cleaving an RPA-bound flap by displacing the RPA as it tracks (15, 21) . Dna2 cleavage ultimately produces a short flap that RPA can no longer bind. FEN1 will then complete cleavage of the short flap, leaving a nick to be sealed by LigI. The importance of Dna2 cleavage is highlighted by the observation that Dna2 nuclease is essential in Saccharomyces cerevisiae (17, 22) . In the absence of Dna2, it is likely that long RPA-bound flaps cannot be properly processed, leading to genomic instability and cell death.
Genetic evidence suggests that Pif1 helicase influences the pathway chosen for flap processing by lengthening displaced flaps. Deletion of PIF1 rescues the lethality of dna2⌬ in S. cerevisiae (23, 24) , suggesting that in the absence of Pif1, flaps do not become long enough to require cleavage by Dna2. Our biochemical studies support this conclusion (11, 13) . Using an Okazaki fragment processing reconstitution system, we showed that in the absence of Pif1 virtually all flaps remain too short for RPA to bind. When Pif1 is included, longer flaps are created, and their cleavage is inhibited by RPA (11) . Cleavage of these flaps and ligation of the nicked intermediates requires Dna2, demonstrating that Pif1 directs flaps to the twonuclease pathway (13) . Additionally, Pif1 stimulates strand displacement synthesis by pol ␦, further supporting the hypothesis that Pif1 binds short flaps as they are displaced and lengthens them (13) . The small portion of flaps lengthened by Pif1 implies that Pif1 binds flaps that escape immediate FEN1 cleavage.
The precise role Pif1 plays in Okazaki fragment processing remains unknown. If virtually all flaps are capable of being processed by the FEN1-only pathway in the absence of Pif1 (11) , then Pif1 activity at Okazaki fragments merely promotes inefficient energy use by requiring the action of Dna2. It is reasonable to assume that if Pif1 were not important for proper Okazaki fragment processing, evolution would have driven Pif1 to localize solely to telomeres and mitochondria, where it plays important roles in limiting telomere growth and maintaining mitochondrial DNA stability (25) . Therefore, Pif1 likely also plays a biologically important role at Okazaki fragments. We considered the possibility that Pif1 is required for efficient synthesis and flap processing at specific sequences, such as regions of high GC content or having the potential to form fold-back flaps.
pol ␦ does not displace through a sequence of high GC content as well as through a sequence of comparatively low GC content (12) , presumably because stable hydrogen bonding produces an energy barrier to strand separation. We considered that helicase activity of Pif1 might permit more rapid synthesis through such sequences. Pif1 is known to efficiently unwind G-quadruplexes (26) , consistent with an ability to destabilize structures that might produce barriers to primer extension. Observations in vivo support this interpretation, as Pif1 is important in maintaining genomic stability at loci likely to form G-quadruplexes (26) .
We also anticipated that Pif1 would be needed for replication of sequences that have the potential to form stable foldback flaps. Neither FEN1 nor Dna2 can cleave such flaps (20) . If the fold-back is relatively weak and initiated with a 5Ј single-stranded tail, Dna2 helicase activity can unwind the foldback and allow cleavage of the flap. However, if no tail is present or the structure is very stable, Dna2 will not be able to enter to affect cleavage. Additionally, RPA strand melting activity can unwind weak structure in flaps and permit Dna2 cleavage, but RPA is unable to unwind flaps with strong secondary structure (21, 27) . Thus, flaps that form strong foldbacks, likely to occur in certain sequences such as triplet repeat regions, cannot be processed by either pathway. We considered that Pif1 might unwind such flaps and permit FEN1 cleavage, Dna2 cleavage, or RPA binding.
In this study, we examined potential biologically important roles for Pif1 in Okazaki fragment processing. We first examined possible stimulation of synthesis through a GC-rich sequence. Next, we asked whether Pif1 is capable of unwinding a fold-back flap and allowing FEN1 or Dna2 to cleave or RPA to bind. Finally, we used a reconstitution system to examine the effect of Pif1 on strand displacement synthesis through an Okazaki fragment initiated with a stable fold-back flap. Our results provide evidence for an alternative Okazaki fragmentprocessing pathway, in which Pif1 promotes removal of an entire fragment initiated by a fold-back flap from the template DNA. Enzyme Expression and Purification-S. cerevisiae pol ␦ (28) and LigI (5) were overexpressed in S. cerevisiae and purified as described previously. S. cerevisiae PCNA (12), RFC (29) , FEN1 (30), RPA (31) , and Pif1 and helicase-deficient Pif1 K264A (11) were overexpressed in E. coli and purified as described previously. PCNA and FEN1 recombinant proteins had C-terminal His 6 tags. Pif1 recombinant protein had an N-terminal His 6 tag. S. cerevisiae Dna2 was overexpressed and purified from baculovirus High Five cells as described previously (17) .
EXPERIMENTAL PROCEDURES

Materials
Oligonucleotide Substrates-Substrates composed of the oligonucleotides listed in Table 1 12 were annealed at the 3Ј end to a 20-nt labeling template with a 5Ј-GCTA overhang and radiolabeled with [␣-32 P]dCTP using Klenow polymerase. The radiolabeled primers were separated by running the reactions on a 15%, 7 M urea polyacrylamide gel. The radiolabeled products were then gel-purified. To anneal substrates, component oligonucleotides were mixed in annealing buffer (50 mM TrisHCl, pH 8.0, 50 mM NaCl, 1 mM dithiothreitol), heated at 95°C for 5 min, adjusted to 70°C, and slowly cooled to room temperature. When the upstream primer was labeled, the oligonucleotides were annealed at a 1:2:4 ratio of upstream primer to template to downstream primer. When the downstream primer was labeled, the oligonucleotides were annealed at a 1:2:4 ratio of downstream primer to template to upstream primer. When the internal primer was labeled, the oligonucleotides were annealed at a 1:2:4:4 ratio of internal primer to template to upstream primer to downstream primer.
Four sets of substrates were used in the following experiments. The first set consisted of 10 fixed flap configurations that were designed to examine Pif1 helicase activity and Pif1 stimulation of FEN1 cleavage, Dna2 cleavage, and RPA binding of fixed fold-back flaps with certain structural elements. The first fixed flap substrate had a 30-nt unstructured control flap and consisted of a 71-nt upstream primer (U 1 ) and a 70-nt downstream primer (D 1 ) annealed to a 110-nt template (T 1 ). This will be referred to as the 30-nt flap substrate in the text. The next three fixed flap substrates had an 18-, 15-, or 12-nt fold-back flap with a 12-nt 5Ј tail and a 6-nt gap between the fold-back and the downstream annealed region. These consisted of a 71-nt upstream primer (U 1 ) and a 100-, 94-, or 88-nt downstream primer (D 4 , D 5 , or D 6 , respectively) annealed to a 110-nt template (T 1 ). In the text, these will be referred to as the 18-, 15-, and 12-nt fold-back flap substrates, respectively. The next three flap substrates were identical to the fold-back flap substrates but lacked the 6-nt gap between the fold-back and the downstream annealed region. These consisted of a 71-nt upstream primer (U 1 ) and a 94-, 88-, or 82-nt downstream primer (D 7 , D 8 , or D 9 , respectively) annealed to a 110-nt template (T 1 ). In the text, these will be referred to as the 18-, 15-, and 12-nt fold-back -G flap substrates, respectively. The final three flap substrates were identical to the fold-back flap substrates but lacked both the 12-nt 5Ј tail and the 6-nt gap between the fold-back and downstream annealed region. These consisted of a 71-nt upstream primer (U 1 ) and an 82-, 76-, or 70-nt downstream primer (D 10 , D 11 , or D 12 , respectively) annealed to a 110-nt template (T 1 ). In the text, these will be referred to as the 18-, 15-, and 12-nt fold-back -G-T flap substrates, respectively.
The second set of substrates was designed to examine the effect of Pif1 on pol ␦ strand displacement synthesis. Both substrates in this set were identical in structure but different in sequence. The first substrate consisted of a 44-nt upstream primer (U 2 ) and a 60-nt downstream primer (D 2 ) annealed to a 110-nt template (T 1 ), leaving a 6-nt gap between the upstream and downstream primers. This substrate has been used in previous reconstitution experiments (11, 13) and will be referred to as the standard-44 substrate in the text. The second substrate consisted of the same 44-nt upstream primer (U 2 ) and a different 60-nt downstream primer (D 3 ) annealed to a different 110-nt template (T 2 ), also leaving a 6-nt gap between the upstream and downstream primers. This substrate will be referred to as the GC-44 substrate in the text. The downstream annealed region of the GC-44 substrate was identical in nucleotide composition to that of the standard-44 substrate but different in sequence. The first 12 nts of the GC-44 downstream annealed region were 75% GC as opposed to 50% in the standard-44 substrate.
The third single-member substrate set was designed to examine strand displacement synthesis through, and cleavage and ligation of, an Okazaki fragment initiated by a pre-created 18-nt fold-back flap. The substrate consisted of a 25-nt upstream primer (U 3 ), a 100-nt internal primer (I 1 ), and a 30-nt downstream primer (D 13 ) annealed to a 110-nt template (T 1 ), forming a 2-nt gap between the upstream and internal primers and a nick between the internal and downstream primers. The internal primer approximated a full-length Okazaki fragment, and the upstream and downstream primers represent the adjacent fragments. This substrate will be referred to as the internal 18-nt fold-back substrate.
The final single-member substrate set was designed to examine synthesis through a fold-back in the template DNA. The substrate consisted of a 44-nt upstream primer (U 2 ) annealed to the 3Ј end of a 110-nt template (T 3 ). The template has an 18-nt fold-back 10 nt downstream of the upstream primer. This substrate will be referred to as the template foldback substrate. The standard-44 substrate lacking the downstream primer was used as an unstructured control.
Strand Displacement Synthesis Assays-Five fmol of radiolabeled biotinylated substrate were first incubated on ice with 500 fmol of streptavidin for 20 min. Streptavidin complexes with biotin on the template ends, blocking the substrate ends and requiring that RFC loads PCNA. For simplicity, the blocked ends are not depicted in the figures. Streptavidinconjugated substrate was then incubated with various combinations and amounts of pol ␦, PCNA, RFC, FEN1, Dna2, RPA, LigI, and Pif1 for 10 min at 30°C in 20 l of reconstitution buffer (50 mM Tris-HCl, pH 7.5, 2 mM dithiothreitol, 25 g/ml bovine serum albumin, 50 M dNTPs, 1 mM ATP, 4 mM MgCl 2 , and 75 mM NaCl). Reactions were stopped with 20 l of 2ϫ termination dye (90% formamide (v/v), 10 mM EDTA, 0.01% bromphenol blue, and 0.01% xylene cyanole), followed by heating for 5 min at 95°C. Reaction products were separated by electrophoresis on a 22.5%, 7 M urea polyacrylamide gel for 1 h and 30 min at 80 watts. The gel was dried and exposed to a phosphor screen, which was scanned with a GE Healthcare PhosphorImager and analyzed using ImageQuant version 1.2 software.
For the kinetic experiment shown in Fig. 5 , the reactions were initiated in a total of 120 l of reconstitution buffer and at given time points (0, 0.5, 1, 2.5, 5, and 10 min), a 20-l sample was removed from each reaction, added to 20 l of 2ϫ termination dye, and heated for 5 min at 95°C. Products were then separated by electrophoresis and analyzed as described above.
Cleavage Assays-For the strand displacement-coupled cleavage assay shown in Fig. 4A , reactions were run and analyzed as described above. For fixed fold-back flap cleavage assays, 5 fmol of radiolabeled substrate were incubated with either FEN1 or Dna2 and various amounts of Pif1 for 10 min at 30°C in 20 l of reaction buffer (same as reconstitution buffer described above but without dNTPs). Reactions were stopped, separated by electrophoresis, and analyzed as described above.
Electrophoretic Mobility Shift Assays-Five fmol of radiolabeled substrate were incubated with RPA and various amounts of Pif1 for 10 min at 30°C in 20 l of reaction buffer. Reaction samples were loaded onto a 12% native polyacrylamide gel, and products were separated by electrophoresis for 2 h at 250 V. The gel was dried, scanned, and analyzed as described above.
Helicase Assays-Five fmol of radiolabeled substrate were incubated with either various amounts of Pif1 or pol ␦, PCNA, and RFC with increasing amounts of Pif1 for 10 min at 30°C in 20 l of reaction buffer. Reactions were stopped by adding 4 l of 6ϫ helicase dye (50 mM EDTA, 0.9% SDS, 30% glycerol, 0.125% bromphenol blue, and 0.125% xylene cyanole). Reactions to be boiled were further incubated for 5 min at 95°C. Reaction samples were loaded onto a 12% native polyacrylamide gel, and products were separated by electrophoresis for 2 h at 250 V. The gel was dried, scanned, and analyzed as described above.
The amount of each protein used in each experiment is given in the corresponding figure legend. All experiments were performed at least in triplicate, and a representative gel is shown in the corresponding figure.
RESULTS
Pif1 Does Not Stimulate Displacement Synthesis through
GC-rich Sequences-Our goal in this study was to determine whether there are specific substrate structures on which Pif1 promotes Okazaki fragment processing. One possibility was that Pif1 stimulation of synthesis is necessary for rapid and efficient synthesis through GC-rich sequences, as these sequences inhibit strand displacement by pol ␦ (12). We therefore examined Pif1 stimulation of synthesis using a reconstitution substrate with a relatively GC-rich region at the 5Ј end of the downstream primer, the GC-44 substrate (Fig. 1) . The standard-44 substrate served as a control. The first 12 nt of the downstream primer of the GC-44 substrate were 75% G or C, and they were 50% G or C in the standard-44 substrate. As expected, Pif1 stimulated fulllength synthesis with the standard-44 substrate (Fig. 1 , lanes 6 -8) . Stimulation of synthesis by FEN1 was greatly reduced on the GC-44 substrate (Fig. 1 , lane 13 compared with lane 5), as observed previously (12) . Interestingly, Pif1 did not stimulate full-length synthesis with the GC-44 substrate ( Fig. 1 , lanes 14 -16) . This suggests that Pif1 does not stimulate synthesis through sequences of stable structure even though it has been shown to unwind stable Grich structures, such as G-quadruplexes (26) .
Pif1 Does Not Resolve a Fold-back Flap to Permit ProcessingAnother possibility was that Pif1 activity is required for proper processing of fold-back flaps. Triplet repeats, especially CTG repeats, are particularly prone to form such structures (20, 32) . Fold-back flaps present a challenge to the flapprocessing pathways. Neither FEN1 nor Dna2 can cleave a fold-back (20) . Additionally, RPA does not bind doublestranded DNA. Therefore, fold-back flaps are inert to all of the components of either flap-processing pathway. As a 5Ј-3Ј helicase, Pif1 would appear to be a promising candidate for the critical component necessary to open fold-backs to permit processing. To examine this hypothesis, we designed a set of fixed fold-back flap substrates. Each had a fold-back flap of different length, a 12-nt 5Ј tail on which Pif1 will load, and a 6-nt gap between the fold-back and the downstream annealed region. The fold-backs were 18, 15, or 12 nt long, allowing us to examine various self-annealing stabilities. We hypothesized that Pif1 would unwind the tailed fold-back and stimulate cleavage by FEN1 and Dna2 and binding by RPA. As the stability of the fold-back decreased, we expected the level of stimulation to increase, as Pif1 should more easily unwind a fold-back of lower stability. We used the 30-nt flap substrate as an unstructured control.
We first examined Pif1 stimulation of FEN1 on the foldback flaps ( Fig. 2A) . As expected, FEN1 was effective at cleavage of an unstructured flap in the absence or presence of varying levels of Pif1 ( Fig. 2A, lanes 2-6) . In fact, at much lower levels of FEN1, Pif1 actually stimulated cleavage of an unstructured flap by a mechanism that involves direct binding to FEN1. 3 Also as expected, the basal level of FEN1 cleavage was significantly reduced on each fold-back compared with the 30-nt flap ( Fig. 2A, lanes 8, 14, and 20 compared with lane 2) . Surprisingly, as the amount of Pif1 was increased with the fold-back substrates, no stimulation of FEN1 cleavage was observed ( Fig. 2A, lanes 9 -12, 15-18, and 21-24) . Cleavage of the 12-nt fold-back was slightly inhibited by Pif1. We next examined the effect of Pif1 on Dna2 cleavage (Fig. 2B) . Again, Pif1 did not stimulate cleavage of the fold-backs or the 30-nt control flap.
It is possible that Pif1 unwound the fold-backs, but the secondary structure rapidly reformed before either FEN1 or Dna2 could bind and cleave. If this were the case, we considered the possibility that RPA would then bind the flaps before the fold-backs reform, trapping the flap in an unwound state. Dna2 would then cleave the RPA-bound flap. To test this idea, we asked whether Pif1 could stimulate RPA binding to the fold-back flaps. Using an EMSA, we examined RPA binding to the flap substrates in the presence of increasing amounts of Pif1 (Fig. 2C) . RPA bound the 30-nt control flap, as indicated by the smear above the substrate band (Fig. 2C,  lane 3) . As the amount of Pif1 was increased, we observed a small amount of helicase product and a shift from the RPAbound smear to a distinct band representing RPA bound to the unwound downstream primer. This suggests that Pif1 unwound the downstream primer rather than stimulating RPA binding to the flap. As expected, each of the fold-back flaps bound significantly less RPA than the 30-nt flap (Fig. 2C , lanes 10, 17 , and 24 compared with lane 3). As the amount of Pif1 was increased, there was a slight reduction in the amount of RPA bound to each fold-back flap (Fig. 2C, lanes 11-14, 18 -21, and 25-28) . Additionally, there was a significant increase in the amount of unwound downstream primer. This suggests that RPA does not bind the fold-back portion of the substrate following Pif1 unwinding.
We asked whether Pif1 could unwind the entire downstream primer of each fold-back substrate, as was implied by the appearance of an unwound downstream primer in Fig. 2C . We performed a Pif1 helicase assay with each flap substrate (Fig. 2D ) using only Pif1, but over a wider concentration range than in Fig. 2C . With all four flap structures, Pif1 unwound a significant portion of substrate at the two highest concentrations used in the stimulation experiments (Fig. 2D, lanes 3  and 4, 8 and 9, 13 and 14, and 18 and 19) . With higher Pif1, even more substrate was unwound (Fig. 2D, lanes 5, 10, 15 , and 20). This suggests that Pif1 acts to unwind the down- -18) , and the 12-nt fold-back flap (U 1 :T 1 :D 6 ) (lanes 19 -24) in the presence of increasing amounts of Pif1 (2.5, 5, 10, or 20 fmol) as indicated in the figure and as described under "Experimental Procedures. B, cleavage by Dna2 (50 fmol) was assayed on the substrates used in A under the same conditions as in A. C, binding by RPA (100 fmol) was assayed on the substrates used in A under the same conditions as in A and as described under "Experimental Procedures." D, unwinding of the downstream primer by increasing amounts of Pif1 (10, 20, or 100 fmol) was assayed on the substrates used in A as described under "Experimental Procedures." The helicase products had slightly higher mobility on the gel than the products of boiling. It is possible that some structure is retained after enzymatic displacement that is lost after boiling. Substrate depictions and figure labels are as in Fig. 1 . X denotes the length of the fold-back. ⌬ denotes boiled substrate. Numbers within and along the sides of the gels denote segment lengths in nucleotides. Note that in A the 88-nt-long bands run at different positions because the segments are different sequences.
stream primer of each fold-back substrate rather than open the fold-back, which would have allowed FEN1, Dna2, and RPA to access the flap.
The gap region of the fold-back substrates is most likely the initial binding site for Pif1. Pfh1, the Schizosaccharomyces pombe homolog of Pif1, has been shown to unwind the downstream primer of a fold-back flap substrate if there is a gap between the fold-back and the downstream annealed region (32) . We wondered whether removing the gap from the foldback flaps would prevent Pif1 from unwinding the downstream primers and promote unwinding of the fold-back itself. If so, Pif1 should then stimulate FEN1 and Dna2 cleavage and RPA binding. We designed fold-back substrates similar to those used in Fig. 2 with the exception that there were no gaps between the fold-backs and the downstream annealed regions. Surprisingly, we again observed no stimulation of FEN1 (Fig. 3A) , Dna2 (Fig. 3B) , or RPA (Fig. 3C) by Pif1 on these fold-back substrates. In a helicase assay, Pif1 again unwound the downstream primers of all three fold-back substrates in addition to the 30-nt control flap (Fig. 3D) .
This result suggests two mechanisms, which are not mutually exclusive, by which Pif1 could unwind the downstream primers of the fold-backs. First, Pif1 could bind the 5Ј tail of each fold-back and unwind both the fold-back itself and the downstream annealed region. Second, Pif1 could bind a transient gap that would form as a result of reversible melting at the junction point between the fold-back and the downstream annealed region. To determine the mechanism used, we designed a third set of fold-back flap substrates, which lack both the gap region and the 5Ј tail. If Pif1 were to unwind these substrates, it likely binds a transient gap region. If Pif1 did not unwind these substrates, it likely binds the 5Ј tail when one is present. Pif1 unwound the downstream primers of these foldbacks to an extent significantly less than it did with the other fold-back structures (Fig. 3E) . Only at the highest concentration of Pif1 was any unwinding observed. This suggests that Pif1 binds the 5Ј tail of each fold-back and unwinds both the fold-back and the entire downstream annealed region.
Pif1 Removes an Okazaki Fragment Initiated by a Fold-back-The helicase activity observed on the fold-back flaps with a 5Ј tail but no gap (Fig. 3D) is evidence that Pif1 (lanes 1-6) , the 18-nt fold-back -G flap (U 1 :T 1 :D 7 ) (lanes 7-12) , the 15-nt fold-back -G flap (U 1 :T 1 :D 8 ) (lanes 13-18) , and the 12-nt fold-back -G flap (U 1 :T 1 :D 9 ) (lanes 19 -24) in the presence of increasing amounts of Pif1 (2.5, 5, 10, or 20 fmol) as indicated in the figure and as described under "Experimental Procedures." B, cleavage by Dna2 (50 fmol) was assayed on the substrates used in A under the same conditions as in A. C, binding by RPA (100 fmol) was assayed on the substrates used in A under the same conditions as in A and as described under "Experimental Procedures." D, unwinding of the downstream primer by increasing amounts of Pif1 (10, 20, or 100 fmol) was assayed on the substrates used in A as described under "Experimental Procedures." E, unwinding of the downstream primer by increasing amounts of Pif1 (10, 20, or 100 fmol) was assayed on the 30-nt flap (U 1 :T 1 :D 1 ) (lanes 1-5) , the 18-nt fold-back -G-T flap (U 1 :T 1 :D 10 ) (lanes 6 -10) , the 15-nt fold-back -G-T flap (U 1 :T 1 :D 11 ) (lanes 11-15) , and the 12-nt fold-back -G-T flap (U 1 :T 1 : D 12 ) (lanes 16 -20) as described under "Experimental Procedures." As in Fig.  2D , the helicase products had slightly higher mobility than the boiled products. Substrate depictions and figure labels are as in Fig. 1 . X denotes the length of the fold-back. ⌬ denotes boiled substrate. Numbers within and along the sides of the gels denote segment lengths in nucleotides. Note that in A the 82-nt-long bands run at different positions because the segments are different sequences. displays a much higher processivity than the previous measurement of ϳ30 nt (33) . A previous study found that Pfh1 unwound the downstream primer of flaps initiated by a foldback as long as there was a gap on which Pfh1 could load (32). Ryu et al. (32) suggested that Pif1 family helicases remove entire Okazaki fragments initiated by fold-back flaps that cannot be processed by either conventional pathway. pol ␦ would then synthesize through the resulting gap, and ligation to the next downstream fragment would complete replication of the region with the fold-back sequence. However, the substrates in the previous study were too short to simulate full-length Okazaki fragments, and no reconstitution experiments were performed. We wished to use our reconstitution system to determine whether Pif1 can indeed unwind an entire Okazaki fragment initiated by a fold-back.
We designed an internal fold-back substrate that simulates a full-length Okazaki fragment initiated by a fold-back flap and flanked by the adjacent Okazaki fragments. Three oligonucleotides were annealed to a 110-nt template primer. The 25-nt upstream primer would be extended by pol ␦ displacing the 100-nt internal primer. If any extended upstream primers fully displace the internal primer, LigI would join them to the 30-nt downstream primer. The internal primer simulated a full-length Okazaki fragment with the first 42 nt formed into an 18-nt fold-back flap. This left 58 nt annealed to the template. There was a 2-nt gap between the upstream and internal primers and a nick between the internal and downstream primers. The 5Ј end of the downstream primer had a phosphate attached to allow ligation to the extended upstream primer. The 3Ј end of the internal primer had a 3Ј phosphate group to prevent ligation to the downstream primer. The downstream primer also had a 5-nt 3Ј overhang to allow us to distinguish between a full-length synthesis product and a ligation product. The full-length synthesis product was predicted to run at 110 nt and the ligation product at 115 nt.
First, we verified that neither FEN1 nor Dna2 could cleave the fold-back in the internal fold-back substrate (Fig. 4A) . The internal primer was labeled at the 5Ј end to allow us to visualize cleavage products. In the absence of synthesis, neither FEN1 nor Dna2 cleaved the flap (Fig. 4A, lanes 2 and 3) . Full cleavage reconstitution with FEN1, Dna2, and RPA also did not permit cleavage (Fig. 4A, lane 4) . When cleavage was examined in the context of synthesis by pol ␦, PCNA, and RFC, we again saw no cleavage by FEN1, Dna2, or the combination of FEN1, Dna2, and RPA (Fig. 4A, lanes 6 -8) . Interestingly, in the presence of FEN1, we observed some extension of the internal primer by pol ␦ to the end of the template (Fig. 4A,  lanes 6 and 8) . This suggests that the 3Ј exonuclease of pol ␦ activated some of the ends by cleaving the 3Ј phosphate. pol ␦ then extended those internal primers, and FEN1 was necessary to stimulate strand displacement through the downstream primer. The crucial observation is that the fold-back was immune to cleavage under all conditions, demonstrating that an Okazaki fragment initiated by a fold-back could be immune to processing by both flap-processing pathways.
We then asked whether Pif1 could stimulate pol ␦ synthesis through the internal primer and thus permit resolution of the fold-back by removing the entire Okazaki fragment. With the upstream primer 5Ј-labeled, we examined synthesis and ligation within the internal fold-back substrate (Fig. 4, B and C) . pol ␦ alone strand-displaced a short distance into the internal primer (Fig. 4, B and C, lane 3) . When PCNA and RFC were present, strand displacement was stimulated, as expected ( (Fig. 4, B and C, lane 4) . A small amount of an 85-nt product was observed. This represents synthesis through the entire internal primer and pausing at the 5Ј end of the downstream primer. Interestingly, addition of LigI slightly stimulated synthesis up to the pause point (Fig. 4, B and C, lane 5) . Addition of FEN1 stimulated even more synthesis to the pause point (Fig. 4 , B and C, lane 6) . Given that FEN1 does not cleave the fold-back flap (Fig. 4A) , this stimulation by FEN1 must have been cleavage-independent. Neither Dna2 (Fig. 4, B (Fig. 4, B  and C, lanes 9 -12) . Importantly, no synthesis beyond the pause point or ligation of the extended upstream primer to the downstream primer was observed in any of these reactions. However, when Pif1 was added in the absence of FEN1, Dna2, and RPA, synthesis up to the pause point was stimulated, and full-length synthesis and ligation products appeared (Fig. 4, B and C, lanes 13-15) . Notably, Pif1 has an ability to promote ligation in our assays. Inclusion of RPA with Pif1 did not further improve stimulation of synthesis and ligation (Fig.  4, B and C, lanes 16 -18) . When all proteins were present, synthesis and ligation were stimulated to the highest amount observed (Fig. 4, B and C, lanes 19 -21) . This suggests that Pif1 bound the gap created on the internal primer as pol ␦ strand displaced. Pif1 then unwound the entire internal primer, allowing pol ␦ to synthesize through the gap. When pol ␦ reached the downstream primer, either LigI sealed the nick between the extended upstream primer and downstream primer or pol ␦ continued strand displacement through the downstream primer. Pif1 thus allowed a fold-back flap, immune to the two pathways of cleavage, to be processed by removal of the entire Okazaki fragment.
This experiment was repeated utilizing a helicase-deficient mutant of Pif1, which was unable to stimulate the formation of full-length products (data not shown). This demonstrates that the helicase activity of Pif1 facilitates the removal of and synthesis through the fold-back flap. To further demonstrate this point, a helicase assay was performed using the same fold-back substrate as in Fig. 4B . Although pol ␦, PCNA, and RFC alone were unable to remove the fold-back, increasing amounts of Pif1 promoted fold-back flap removal (Fig. 4D) , further suggesting the importance of Pif1 for proper removal of fold-back flaps.
Template Secondary Structure Slows pol ␦ Synthesis-Okazaki fragments do not have phosphates at their 3Ј ends in vivo. Therefore, it is possible that a full-length fragment initiated by a fold-back flap could be ligated to the downstream fragment, before effective removal by Pif1. Once this happens in vivo, the fold-back would be locked into the intact lagging strand in a way that would be inaccessible to currently understood DNA replication mechanisms. It would have to be handled by repair systems as a site of DNA damage.
We considered the possibility that Okazaki fragments initiated with a fold-back might be extended more slowly than most and would therefore be delayed for ligation with the adjacent fragment. Why would this be the case? In the position of the sequence with the potential to form a fold-back flap, the complementary template sequence will also have the potential to form secondary structure. We asked whether template secondary structure could slow down pol ␦ so that synthesis would not reach the downstream primer before Pif1 could remove the fragment with the fold-back.
We designed the template fold-back substrate, which consists of an upstream primer annealed to a template with an 18-nt template fold-back downstream of the 3Ј end of the upstream primer. As a control, we used the standard-44 substrate, also lacking the downstream primer. The template in the control substrate has no significant secondary structure. We incubated each substrate with pol ␦, PCNA, and RFC for increasing amounts of time (Fig. 5) . With the control substrate, pol ␦ synthesized some full-length product after only 30 s, and the amount increased with time (Fig. 5, lanes 1-6) . With the template fold-back substrate, synthesis was slower compared with the control substrate (Fig. 5, lanes 13-18) . Surprisingly, no full-length product was evident, even at the longest time. Synthesis reached a maximum at ϳ5 min and did not increase further after longer incubation. When utilizing this substrate, synthesis halts near the end of the fold-back sequence.
RPA has previously been shown to stimulate synthesis by pol ␦ through hairpin structures in the template, presumably by binding the template and melting those structures (34) . We wanted to determine whether RPA would have this same effect on our template fold-back substrate and permit fulllength synthesis by pol ␦. On the control substrate, RPA stimulated synthesis slightly (Fig. 5, lanes 7-12) . On the template fold-back substrate, synthesis was stimulated, and there was some shift toward longer products (Fig. 5, lanes 19 -24) . However, RPA was not able to promote full-length synthesis.
To further characterize the effect of a fold-back within the template, we utilized a second fold-back template. This substrate consists of an upstream primer annealed to a template with only a 16-nt template fold-back downstream of the 3Ј end of the upstream primer. Additionally, we decreased the amount of GC pairs found in the fold-back to determine whether a weaker fold-back region would improve pol ␦ synthesis. Interestingly, when utilizing this substrate, we were able to observe full-length synthesis (supplemental Fig. 1, lanes 1-6) . We again saw a slight stimulation of synthesis by RPA (supplemental Fig. 1, lanes  7-12) .
The position at which synthesis halts is very important to the interpretation of these results. In the presence of the 18-nt fold-back, synthesis continued through the fold-back, allowing the fold-back flap to be made, but it then slowed so the Okazaki fragment with the fold-back was not rapidly extended to a potential point of ligation. Some synthesis terminated within the hairpin, some near the end of the hairpin, and a small amount beyond the hairpin. The range of termination is broad, producing a variety of intermediate structures. When utilizing the 16-nt fold-back, a range of products was created throughout the fold-back region, with only a few products reaching full length. This would indicate that pol ␦ slowed as it synthesized through the fold-back region, resulting in a number of intermediates.
Upon strand displacement, some products are expected to form weak structure, susceptible to FEN1, although others would form more stable structure, allowing loading of Pif1 and displacement. The slowing of pol ␦ through the fold-back template would allow the fold-backs to be displaced by Pif1 before they can be joined to the continuous lagging strand.
DISCUSSION
Our previous reconstitution analyses of eukaryotic lagging strand DNA replication suggest that in vivo Pif1 helicase lengthens Okazaki flaps that escape immediate FEN1 cleavage (11) . These long flaps are processed by the two-nuclease pathway, which requires Dna2 helicase/nuclease in addition to FEN1 (13) . Although Pif1 has several known cellular roles, our results would appear to indicate that at Okazaki fragments Pif1 only serves to create a requirement for Dna2. If Pif1 did not influence Okazaki fragment maturation, the multistep pathway involving Dna2 might not be required. It is unlikely that the fragment maturation process would have evolved this way if the only role of Pif1 were to promote the secondary pathway. Therefore, we hypothesized that Pif1 plays an important but previously unnoticed role at Okazaki fragments. In this study, we attempted to determine the nature of this role.
Duplexes that are highly GC-rich inhibit strand displacement synthesis by pol ␦ (12). We hypothesized that Pif1 would improve strand displacement through such sequences by unwinding GC-rich duplexes and alleviating the energetic barrier to strand displacement. However, we found that Pif1 did not stimulate synthesis on a reconstitution substrate with a downstream primer containing a GC-rich 5Ј end (Fig. 1) . This result is not entirely surprising. Pif1 requires pol ␦ to displace at least a short flap before Pif1 can create a long flap (13) . pol ␦ rarely displaces a flap longer than 1-nt upon encountering a GC-rich sequence, a flap that is likely too short for Pif1 to bind. Without proper initiation, Pif1 would not unwind the downstream primer and so could not stimulate synthesis.
Some sequences, for example triplet repeats, have the potential to form stable secondary structures when they are displaced into flaps. We hypothesized that Pif1 would open such fold-back flaps. However, Pif1 was not able to stimulate FEN1 cleavage, Dna2 cleavage, or RPA binding of fold-back flaps with 5Ј tails. Rather than open the fold-back, Pif1 unwound the downstream primer (Fig. 2) . We reasoned that Pif1 bound the gap between the fold-back and the downstream annealed region. However, removal of the gap did not permit stimulation of FEN1, Dna2, or RPA, and Pif1 still unwound the downstream primers. When the 5Ј tails were then removed as well, Pif1 was no longer able to unwind the downstream primers effectively (Fig. 3) . These results collectively imply that the tail is a sufficient binding site for Pif1 and that Pif1, once bound, is able to unwind both the fold-back and the downstream annealed region. Additional results with Pfh1 suggest that Pif1 will bind a gap as well, if available (32) . Binding of Pif1 to either site results in removal of the downstream primer. On the 18-nt fold-back -G flap substrate, Pif1 must unwind 58 nt to remove the downstream primer by the mechanism described above. This is almost twice the length of the previously measured processivity of Pif1, ϳ30 nt (33) . It is possible that under our reaction conditions Pif1 has a higher processivity than has been measured. Alternatively, the flap structure may stimulate Pif1 processivity to the level we observed. Pif1 may also unwind the flap in a cooperative fashion, in which one molecule unwinds a given distance, dissociates, and then another Pif1 molecule binds and continues unwinding.
The high processivity of Pif1 that we observed led us to ask whether Pif1 is capable of removing an entire Okazaki fragment that is initiated by a fold-back flap. This concept was originally proposed by Ryu et al. (32) when they performed similar helicase assays with Pfh1. However, they did not test stimulation of FEN1, Dna2, or RPA, and their flaps did not simulate full-length Okazaki fragments. We felt that our reconstitution system is ideal to test this proposal. We designed a substrate that simulated a full-length Okazaki fragment with a 5Ј fold-back flap and tested synthesis through the fragment in the presence of components of the two flap-processing pathways (Fig. 4) . We observed slight stimulation of synthesis by LigI alone and by FEN1, although FEN1 did not cleave. To our knowledge, there are no previous reports of stimulation of synthesis by LigI or cleavage-independent stimulation by FEN1. PCNA is believed to bind one molecule each of pol ␦, FEN1, and LigI (10). It is possible that formation of the complete complex stimulates each individual enzyme. This would explain how LigI and FEN1 could stimulate pol ␦. It will be interesting to examine whether such a PCNA-dependent mechanism of stimulation exists.
Most significantly, there was no stimulation of synthesis by either Dna2 or RPA, and the combinations of FEN1, Dna2, and RPA did not stimulate synthesis above that observed with FEN1 alone. This implies that the components of the two flap-processing pathways are incapable of alleviating the block to synthesis presented by the fold-back flap. Therefore, if such a flap were to form in vivo, the fragment would not be cleaved and could cause genome instability through chromosome breaks or strand invasions. When Pif1 was present, we observed increased amounts of intermediate synthesis products and synthesis through the entire internal and downstream primers. In addition, we observed ligation of the extended upstream primer to the downstream primer. This implies that Pif1 stimulates LigI, consistent with previous evidence (13) . Both full-length synthesis and ligation imply successful complete displacement of the fold-back flap-initiated Okazaki fragment. Because this fold-back did not have a 5Ј tail, Pif1 likely bound the gap that would emerge as pol ␦ displaced a few nucleotides into the internal annealed region. A 5Ј tail in vivo would also allow Pif1 binding, but the 5Ј tail configuration is a substrate for FEN1, which would be likely to cleave before Pif1 could bind ( Figs. 2A and 3A) .
RPA did not enhance stimulation of synthesis by Pif1; in fact, there was a slight decrease in the stimulation. It is possible that as Pif1 unwinds the internal primer, RPA binds the growing gap between the fold-back and the remaining annealed portion of the internal primer. If Pif1 unwinds long stretches via the cooperative mechanism described above, the RPA bound to the gap may prevent the second Pif1 molecule from binding. Specific interactions between RPA and Pif1 must be examined to fully understand this result.
The greatest stimulation of synthesis and ligation was observed when all proteins were present. This phenomenon was also observed when we examined processing of a long flap following Pif1 lengthening (13) . The reason for this is not known. Numerous studies have shown that individual pairs of replication proteins interact with and stimulate each other. Perhaps when the entire system is reconstituted, these interactions combine to produce the most efficient synthesis and flap processing possible.
Overall, results suggest a unique and important role for Pif1 in Okazaki fragment processing. Namely, it fully displaces Okazaki fragments that form flap intermediates that are refractory to cleavage by either the FEN1-only or two-nuclease pathways. We were able to test this directly utilizing a helicase assay (Fig. 4D) . We observed that Pif1 is able to unwind the fold-back flap both on its own and in the presence of pol ␦ (Fig. 4D, lanes 3 and 9, respectively) . We believe Pif1 is able to unwind the fold-back on its own because of breathing of the annealed region, exposing a few nucleotides of singlestranded DNA. Pif1 could bypass the fold-back and bind to this single-stranded region to unwind. In the presence of the replication complex, we observe that unwinding of the substrate decreases. It is likely that the replication complex occupies the region at the base of the flap. This would physically prevent Pif1 from binding to any single-stranded region that results from DNA breathing. Thus, Pif1 would have to wait until pol ␦ displaces an adequate amount of single-stranded DNA before Pif1 could bind to the flap. Importantly, the addition of Pif1 displaces these fold-back flaps, which pol ␦ alone cannot accomplish (Fig. 4D, lanes 4 and 9) .
A potential conceptual flaw, however, in this proposed role for Pif1 is the apparent likelihood that by the time Pif1 could displace the undesirable fold-back fragment, it would be joined to the adjacent downstream fragment. Once the foldback fragment became part of the continuous lagging strand, no amount of displacement could remove it. Our substrate was designed to prevent this reaction, but the possibility exists in vivo, as natural Okazaki fragments evolved for ligation.
We considered that the template sequence at a fold-back flap could also form secondary structure. Such a structure could slow primer elongation. However, hairpin-type secondary structures in the template usually pause polymerases at the base of the stem but not after the hairpin has been partly or fully copied. Such an outcome would pause Okazaki fragment elongation before the fold-back flap was made or displaced and would not be relevant. A mechanism in which an Okazaki fragment was made and then displaced into a foldback flap, but never elongated enough for ligation, would involve slowing of primer elongation over the template within or just beyond the fold-back.
When we tested the progress of pol ␦-catalyzed primer elongation over a stable fold-back in the template, synthesis slowed as the fold-back was copied and terminated in a dif-fuse region within or beyond the fold-back (Fig. 5 and supplemental Fig. 1 ). Although RPA stimulated synthesis, it allowed only a moderate shift toward longer products. As expected, we see that the presence of a fold-back within the template slows pol ␦ synthesis. This would allow the upstream Okazaki fragment to be extended while pol ␦ is still in the process of synthesizing through the fold-back in the template. This is exactly the behavior that would allow Pif1 to effectively displace a fold-back fragment before it was ligated. Further studies on the importance of fold-back length and stability and the influence of Pif1 and other replication proteins will provide insight into how the polymerase-PCNA complex interacts with template fold-backs.
Based on these results, we propose an alternative Okazaki fragment-processing pathway, specifically for fragments that form fold-back flaps (Fig. 6) . As the template DNA is opened by a replicative helicase, it forms a fold-back. An Okazaki fragment initiated a short distance upstream of the template fold-back will be extended through the fold-back, but the pol ␦-PCNA processive complex will be slowed by the presence of a fold-back in the template. Meanwhile, another molecule of pol ␦ will be extending the upstream Okazaki fragment. Elongation of the upstream fragment begins to displace the downstream fragment, and if the flap becomes long, a fold-back flap will form. The fold-back cannot be processed by either the FEN1-only or two-nuclease pathway. As pol ␦ displaces through the fold-back flap, a gap is created either in the loop or just past the stem, and Pif1 binds the gap. Pif1 then unwinds and removes the incomplete, cleavage-resistant fragment, allowing pol ␦ to continue extending the upstream primer through the gap. Upon reaching the next downstream fragment, standard flap processing and ligation will complete synthesis.
Slowing of pol ␦ during synthesis of the template fold-back might serve two important roles. First, a gap is left between the point of dissociation and the next downstream Okazaki fragment, so the two fragments cannot be ligated. This also prevents Pif1 from having to unwind a full-length Okazaki fragment. Second, it converts the template fold-back into a short double-stranded region. pol ␦, now working with Pif1, can then readily synthesize through the region to the next downstream primer for ligation.
Although it is energetically wasteful to synthesize a long DNA fragment only to have it displaced and presumably degraded, use of this pathway should be a rare event in DNA replication. There are likely to be very few flaps that form disruptive secondary structure in vivo. We have suggested that only a small fraction of flaps become long via Pif1 lengthening (13) . However, other mechanisms are likely to produce long flaps. The histone acetylase p300 has been reported to acetylate FEN1, reducing its nuclease activity (35) , and to acetylate Dna2, greatly stimulating its nuclease and helicase activities (36) . We have proposed that this is a regulatory process that leads to more flap displacement and use of the two-nuclease pathway in regions of actively transcribed chromatin (36) . Nevertheless, only a small fraction of these flaps is likely to form in regions that allow for stable fold-backs. However, there are hundreds of thousands of Okazaki fragments processed each replication cycle in yeast (37) and many more in humans. If only a few flaps form secondary structure, then the cell must be prepared to deal with them to maintain genome stability. Therefore, the alternative pathway is likely a rarely used but critically important mechanism for genome maintenance.
We cannot rule out the possibility that Pif1 plays other important roles at Okazaki fragments. Through its flap lengthening capacity, Pif1 may act as part of a correction mechanism for mutations introduced by pol ␣. The DNA patch FIGURE 6 . Model for an alternative Okazaki fragment-processing pathway in vivo. A, during DNA replication, at a sequence that has the potential to form secondary structure, a fold-back will form in the template DNA. The Okazaki fragment downstream of the fold-back is synthesized normally. A primer is laid down upstream of the template secondary structure. Note that the RNA portion of the primer is not depicted for simplicity. B, pol ␦ will be slowed as it extends the primer through the secondary structure. A gap between the extended primer and the downstream primer will remain. C, meanwhile, the fragment upstream of the internal fragment will be synthesized normally. D, when it reaches the internal fragment, flap lengthening factors, such as Pif1 activity or acetylation of the nucleases, may create a long flap. The long flap will then fold-back on itself. Neither the FEN1-only pathway nor the two-nuclease pathway can process the fold-back flap. E, Pif1 will bind a gap between the fold-back and the remaining downstream annealed region and, working with strand displacement synthesis from the upstream primer, unwind the entire internal Okazaki fragment. This synthesis will convert the fold-back region of the template to double strands that will no longer be capable of forming secondary structure. F, pol ␦ will then continue synthesis through the gap until it reaches the downstream fragment. G, conventional flap processing will produce a nick that LigI will then seal. The red lines represent segments with potential to form secondary structures.
synthesized and displaced by pol ␦ is estimated to be too short to remove the entire RNA/DNA primer synthesized by pol ␣ (24). As mentioned previously, pol ␣ is a low fidelity polymerase. All pol ␣-synthesized bases must be removed to ensure the best fidelity of DNA replication. Perhaps Pif1-promoted flap lengthening is required at locations of pol ␣ mistakes. The long flap would include all mismatched nucleotides at displacement distances normally not achieved by pol ␦. Additional promotion of flap displacement by acetylation of FEN1 and Dna2 should augment this effect, making complete removal of pol ␣ errors even more certain in active chromatin (36) . Our reconstitution system is well designed to address this issue. The downstream primer of the substrate could include a mismatch at variable distances from the 5Ј end, and incorporation of the mismatch into a final ligated product following strand displacement synthesis could be measured. We could then test the effect of Pif1 and acetylation of the nucleases on this process. These and similar biochemical experiments will be crucial to further reveal the biological relevance of Pif1 in Okazaki fragment processing.
